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a  b  s  t  r  a  c  t

In this  paper,  effect  of  oxygen  and  pH  on the browning  of chitosan  exposed  to gamma  radiation  was
investigated.  It was  found  that  oxygen  and pH value  could  play  important  roles  in  the inhibiting  browning
of  irradiated  chitosan.  When  the  pH  value  of  chitosan  solution  was  below  3.0,  sufficient  oxygen  could
inhibit  browning  of  irradiated  chitosan  in  aqueous  solution.  As  a result  of irradiation  of chitosan  solution
(pH  <  3)  with  sufficient  oxygen,  the  irradiated  chitosan  solutions  obtained  were  colorless  and  pellucid.
FT-IR, 13C  NMR,  and  UV–vis  spectra  confirmed  that  the  irradiation  in  the  presence  of  oxygen  cannot  result
eywords:
rowning

rradiated chitosan
amma  irradiation
xygen

in chemical  modification  of  irradiated  chitosan.  An effective  technology  was  developed  for  the inhibition
of  browning  of  irradiated  chitosan  during  depolymerization  of  chitosan  by  gamma  irradiation.

© 2013 Elsevier Ltd. All rights reserved.
ydrochloric acid

. Introduction

Chitosan, the linear and typically 20% acetylated (1-4)-2-amino-
-deoxy-�-d-glucan, is isolated industrially from marine chitin.
wing to its biodegradability, biocompatibility, non-toxicity and
ersatile physico-chemical properties, chitosan has a great poten-
ial for a wide range of functions and applications in many fields
Muzzarelli, Boudrant, et al., 2012), such as food, pharmaceutics
Zhou, Zhang, Zhang, & Chen, 2011), biomaterials (Li, Wang, Wu,
hang, & Hu, 2010; Sashiwa & Aiba, 2004; Shi & Tan, 2002; Zhao, Li,
i, Zhou, & Li, 2011), tissue engineering (Muzzarelli, Greco, et al.,
012; Tang et al., 2010; Zhang et al., 2010), and environmental
rotection (Muzzarelli, 2011; Muzzarelli & Tubertini, 1972). Chi-
osan and its derivatives have exhibited high antimicrobial activity
gainst a wide variety of pathogenic and spoilage microorganisms
Guo, Ren, Dong, Wang, & Li, 2013; Hu et al., 2007; Kong, Chen, Xing,

 Park, 2010).
However, these functions and applications have been revealed

o be dependent not only upon the chemical structure of chitosan
ut also its molecular size (Xia, Liu, Zhang, & Chen, 2011; Xu,
hao, Han, & Du, 2007). For example, it has been reported that

ow-molecular-weight chitosan and chitooligosaccharides demon-
trate various kinds of novel biological activities (Dong et al., 2004;
ou, Ma,  Xiong, Tan, & Du, 2011; Je, Park, & Kim, 2004; Kim and

∗ Tel.: +86 15169991286.
E-mail addresses: wy jguufi@126.com, wy  jguufi@sina.cn

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.10.011
Rajapakse, 2005; Wu,  Yao, Bai, Du, & Ma,  2010; Xu et al., 2008; Yin,
Zhao, & Du, 2010).

To convert the high-molecular-weight chitosan into the
low-molecular-weight chitosan or chitooligosaccharides, gamma
irradiation has been used for the depolymerization of chitosan
(Choi, Ahn, Lee, Byun, & Park, 2002; Feng, Du, Li, Hu, & Kennedy,
2008; Hai, Diep, Nagasawa, Yoshii, & Kume, 2003; Kang, Dai,
Zhang, & Chen, 2007; Matsuhashi & Kume, 1997; Ulański & Rosiak,
1992; Wasikiewicz, Yoshii, Nagasawa, Wach, & Mitomo, 2005;
Yoksan, Akashi, Miyata, & Chirachanchai, 2004). Unfortunately,
the depolymerization induced by gamma  irradiation was  also
accompanied simultaneously by the browning of irradiated chi-
tosan according to Choi et al. (2002) and Yoksan et al. (2004). It
was also found that gamma  irradiation could lead to browning of
the vacuum-packed chitosan rod with high bending strength and
potential application as internal fixation of bone fracture (Shen,
Hu, Wang, & Qu, 2011). The browning resulted from the gamma
irradiation is a vital disadvantage, which can influence the prop-
erties of the low-molecular-weight chitosan. It has been reported
that the browning has certain impacts on the properties of chi-
tooligomers (Zeng et al., 2007). For example, the solubility of
chitooligomers decreased when the sample was severely brown-
ing and that some black sample was insoluble even in strong acidic
condition. It was  also found that the thermal stability and moisture-

adsorption of chitooligomers decreased with the increase of
browning.

In addition to the depolymerization of chitosan mentioned
above, irradiation of chitosan or chitin for other purposes and

dx.doi.org/10.1016/j.carbpol.2013.10.011
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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pplications were also studied by researchers (Casimiro, Gil, & Leal,
010; Duy, Phu, Anh, & Hien, 2011; Hien, Phu, Duy, & Lan, 2012;
cloo et al., 2011; Pasanphan, Rimdusit, Choofong, Piroonpan, &
ilsuwankosit, 2010; Rahman et al., 2013; Singh & Singh, 2012).
hose authors did not mention browning, or the reasons for the
iscoloration in their articles because those research topics might
e irrelevant to the browning of irradiated chitosan.

Although gamma irradation of chitosan was investigated by
any researchers, the effect of oxygen and pH on the brown-

ng of chitosan exposed to gamma  radiation has not yet been
eported.

The aim of the present work was to investigated the effect of
xygen and pH on the browning of chitosan exposed to gamma
adiation. A chemical technology for inhibition of browning of
rradiated chitosan was proposed. With the proposed chemical
echnology, the irradiation-induced depolymerization of chitosan
ill not be accompanied by the browning of irradiated chitosan.

. Materials and methods

.1. Materials

The commercial chitosan A (Purity 92.73%; Mw 440.20 kDa,
w/Mn  1.95; DD 91.20%); The commercial chitosan B (Purity

0.27%; Mw 490.59 kDa, Mw/Mn  1.72; DD 90.77%) originating from
hrimp shells. They were all purchased from Jinke Biochemical Ltd.
Zhejiang, China). The chitosan C (Purity 89.22%; Mw 410.73 kDa,

w/Mn  1.66; DD 91.10%), which originated from crab shells, was
repared in laboratory. Mw,  Mw/Mn  and DD of the chitosan sam-
les used in this study were determined experimentally. In order to
xempt the samples from inorganics and pigments, the commercial
hitosan B and the chitosan C were further purified in laboratory.
he purity of the chitosan samples were calculated after their purifi-
ation.

Gaseous oxygen purity was above 99%. Gaseous nitrogen purity
as above 99%. All other chemicals were of reagent grade. 2-l reac-

ion vessels (i.e. 2000 ml  polyethylene terephthalate (PET) vessels)
ere used in this experiment.

A 60Co source, which was employed for gamma  irradiation of
hitosan, was set up in Zibo Liyuan Hi-Tech Irradiation Technology
td. (Zibo, Shandong, China).

.2. Characterization

FT-IR spectra were recorded in powder form in KBr discs in the
ange of 4000–400 cm−1 on a Nicolet 5DXB FT-IR spectrophotome-
er. Thirty-two scans at a resolution of 4 cm−1 were averaged and
eferenced against air.

13C NMR  spectra were recorded on BRUKER AVANCE-500NMR
PECTROMETER. The chitosan samples were converted into their
ydrochloride salts and then were dissolved in D2O.

UV–vis absorption spectra were obtained using a UV–vis spec-
rophotometer Agilent 8453 in the range of 200–400 nm.

Inhibitory effect on browning of irradiated chitosan during
epolymerization of reference chitosan by gamma  irradiation
as determined by measuring Abs267Ir − Abs267Re. Abs267Ir is the

bsorbance at 267 nm of irradiated chitosan solution, and Abs267Re
s the absorbance at 267 nm of reference chitosan solution.

Weight-average molecular weight (Mw),  number-average
olecular weight (Mn) and molecular weight dispersion (Mw/Mn)

f chitosan samples were measured by gel permeation chromatog-

aphy (GPC). The GPC equipment consisted of connected columns
TSK G5000-PW and TSK G3000-PW), TSP P100 pump and RI 150
efractive index detector. The similar method was used according
o Feng et al. (2008).
rs 101 (2014) 857– 863

The degree of deacetylation (DD) was determined using the
method reported in literature (Tolaimate et al., 2000). The chi-
tosan sample (0.1 g) was  completely dissolved in a known excess
of 0.1 M HCl solution (10 ml). From the titration of this solution
with a 0.1 M NaOH solution, a curve with two  inflection points was
obtained. The amount of acid consumed between these two points
was considered to correspond to the amount of amino groups of
chitosan.

Intrinsic viscosity was determined using an Ubbelohde capillary
viscometer (inner diameter 0.5 mm).  The running times of the solu-
tions were measured in triplicate in a constant-temperature water
bath at 25 ± 0.5 ◦C.

2.3. Adjusting oxygen partial pressure for inhibition of browning
during depolymerization of chitosan by gamma irradiation

The reference chitosan solutions (1%, w/v, pH 2.0, and 400 ml)
were prepared by dissolving the chitosan sample (commercial
chitosan A, purified chitosan B and C) in the dilute hydrochlo-
ric acid solution and then introduced in the 2-l PET vessels.
The vessels containing chitosan solution were filled with oxy-
gen (201.325 kPa, 25 ◦C, 1600 ml), oxygen (151.325 kPa, 25 ◦C,
1600 ml), oxygen (101.325 kPa, 25 ◦C, 1600 ml), air (101.325 kPa,
25 ◦C, 1600 ml), and nitrogen (101.325 kPa, 25 ◦C, 1600 ml), respec-
tively. Thus, oxygen partial pressures in the vessels were kept at
201.325, 151.325, 101.325, 21.227, and 0 kPa, respectively. The chi-
tosan solutions under different partial pressure of oxygen were
irradiated with doses of 25 kGy in the irradiation room. The irra-
diated chitosan solutions were obtained after the irradiation.
The absorbance of the irradiated chitosan solutions was mea-
sured at 267 nm by UV–vis spectrophotometer. Inhibitory effect
on browning of irradiated chitosan was determined by calculating
Abs267Ir − Abs267Re.

2.4. Adjusting pH value for inhibition of browning during
depolymerization of chitosan by gamma irradiation

The reference chitosan solutions (1%, w/v, 400 ml)  with
pH 1.0, 2.0, 3.0, 4.0, and 5.0 were prepared by dissolving
the chitosan sample (commercial chitosan A, purified chitosan
B and C) in the dilute hydrochloric acid solution and then
introduced in the 2-l PET vessels, respectively. The PET ves-
sels containing reference chitosan solution were filled with
1600 ml  oxygen (25 ◦C, 101.325 kPa) and sealed, respectively.
The chitosan solutions (1%, w/v, 400 ml,  with different pH
values) under oxygen partial pressure of 101.325 kPa were
irradiated with doses of 25 kGy. Inhibitory effect on brown-
ing of irradiated chitosan was  determined by calculating
Abs267Ir − Abs267Re.

2.5. Irradiation of freeze-dried chitosan samples

The reference chitosan solutions (1%, w/v, 400 ml)  with pH
1.0, 2.0, 3.0, 4.0, and 5.0 were prepared by dissolving the
chitosan sample in the dilute hydrochloric acid solution. The
chitosan solutions were firstly frozen and then lyophilized in
a freeze dry system. Finally, the freeze-dried chitosan sam-
ples were obtained from solutions with pH 1.0, 2.0, 3.0,
4.0, and 5.0. The freeze-dried samples were put in the 2-l
PET vessels, respectively. The PET vessels containing freeze-
dried chitosan samples were then filled with oxygen (25 ◦C,

101.325 kPa, and approximately 2000 ml)  and sealed, respectively.
The freeze-dried chitosan samples under oxygen partial pressure of
101.325 kPa were irradiated with doses of 25 kGy in the irradiation
room.
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Fig. 1. Inhibitory effect of oxygen partial pressure on browning. The samples were
irradiated with the 25 kGy at 25 ◦C. (�) Commercial chitosan A; (�) purified chitosan
B; (�) purified chitosan C. To measure Abs267Ir accurately, 1 ml  of 1% (w/v) irradiated
chitosan solution was diluted to 5 ml  of 0.2% (w/v) solution after the irradiation in the
presence of nitrogen of 101.325 kPa. Thus, Abs267Ir = 5Abs267Ir [0.2%]. Abs267Ir [0.2%] is the
absorbance at 267 nm of 0.2% (w/v) irradiated chitosan solution. For the irradiation
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Fig. 2. Inhibitory effect of pH value on browning. The samples were irradiated under
oxygen with the 25 kGy at 25 ◦C. (�) Commercial chitosan A; (�) purified chitosan
n  the presence of air of 101.325 kPa, 1 ml  of 1% (w/v) irradiated chitosan solution
as  diluted to 3 ml  of solution.

. Results and discussions

.1. Inhibitory effect of oxygen partial pressure on browning
uring depolymerization of chitosan by gamma irradiation

In our present work, it was found that the chitosan solution
hich underwent gamma  irradiation normally had a maximum

bsorption around 267 nm in UV–vis spectra. It is consistent with
he previous results, where the maximum absorption peak between
50 and 280 nm was observed after depolymerization of chitosan
y gamma  irradiation according to Muzzarelli and Tubertini (1972)
nd Wasikiewicz et al. (2005). The absorbance at about 267 nm is
trongly dependent upon the irradiation-induced browning of irra-
iated chitosan solution. The absorbance increased with increasing
rowning of irradiated chitosan solution. Thus, inhibitory effect on
rowning can be evaluated by calculating Abs267Ir − Abs267Re.

Fig. 1 shows the inhibitory effect of oxygen partial pressure
n browning of irradiated chitosan during irradiation processing.
t was obvious that the inhibitory effect on browning is strongly
ependent upon oxygen partial pressure when the pH value of
hitosan solution was kept at 2.0. The Abs267Ir − Abs267Re was
lose to zero when oxygen partial pressure ranged from 101.325
o 201.325 kPa. The irradiated chitosan solutions were colorless
nd pellucid when oxygen partial pressure ranged from 101.325
o 201.325 kPa. However, the browning can be observed with
ecreasing oxygen partial pressure from 101.325 to 0 kPa. As can
e seen in Fig. 1, the Abs267Ir − Abs267Re also increased sharply with
ecreasing oxygen partial pressure from 101.325 to 0 kPa.

.2. Inhibitory effect of pH value on browning during
epolymerization of chitosan by gamma irradiation

Fig. 2 shows the inhibitory effect of pH value on browning of
rradiated chitosan during depolymerization of chitosan by gamma
rradiation. It was obvious that the inhibitory effect on browning
s strongly dependent upon pH value when the oxygen pressure

as kept at 101.325 kPa. The irradiated chitosan solutions were
olorless and pellucid when pH value ranged from 1.0 to 3.0
uring depolymerization of chitosan by gamma  irradiation. The
bs267Ir − Abs267Re was close to zero when pH value ranged from

.0 to 3.0. However, the browning can be observed with increas-

ng pH value from 4.0 to 5.0. The Abs267Ir − Abs267Re also increased
harply when pH value ranged from 4.0 to 5.0.
B; (�) purified chitosan C. For the chitosan solution with pH 5.0, 1 ml  of 1% (w/v)
irradiated chitosan solution was diluted to 3 ml  of solution after the irradiation.

It has been reported that (GlcN)1, (GlcN)2, (GlcN)3, (GlcN)4,
(GlcN)5, and (GlcN)6 can be produced by the radiation degrada-
tion of chitosan according to Choi et al. (2002). The d-glucosamine
oligosaccharides from monomer to hexamer are reducing sugars.
The reaction between reducing sugar and NH2 (nucleophile) in
chitooligomers can result in formation of melanoidins according to
Zeng et al. (2007), which is brown pigmented product. However,
the NH2 (nucleophile) in lower pH solution is almost converted
into the NH3

+ (electrophile). The reducing sugar did not react
with the NH3

+. Thus, the amount of melanoidins was signifi-
cantly decreased. There was only a small amount of melanoidins
generated in lower pH solution because of the ammonium disso-
ciation. Furthermore, the irradiation under oxygen might result in
the production of ozone (Nagasawa, Mitomo, Yoshii, & Kume, 2000).
The ozone would lead to the oxygenolysis of the small amount of
melanoidins. To confirm the above presumption, ozone was bub-
bled into the irradiated chitosan solution which had been brown.
The brownish color of the irradiated chitosan solution and the peak
at 267 nm in UV spectra almost disappeared after ozone treatment
for 80 min. Thus, lower pH and oxygen would help reduce brown-
ing.

It has been reported that Maillard reaction products can be
formed by irradiation of chitosan-glucose solution (Rao, Chawla,
Chander, & Sharma, 2011). Glucose is a reducing sugar with reduc-
ing end in aqueous solution. (GlcN)1, (GlcN)2, (GlcN)3, (GlcN)4,
(GlcN)5, and (GlcN)6 produced by the radiation degradation of
chitosan are all reducing sugar with reducing end. The reducing
sugars and free amino groups (nucleophile) can react with each
other, which is commonly referred as Maillard reaction. It was
found that the higher pH favors occurrence of Maillard reaction
because of the increased reactivity of the amine groups by the
deprotonation in higher pH solution (Hodge, 1953). In lower pH
solution, however, the reactivity of the NH2 (nucleophile) was
decreased when it is converted into the NH3

+ (electrophile). Fur-
thermore, the protonated amino groups might also lead to the
increased steric hindrance effect for Maillard reaction. It has been
reported that the lower pH value consequently cause a slowing
down of the Maillard reaction (non-enzymatic browning reac-
tion) (Martins, Jongen, & Boekel, 2000; Oh et al., 2006). It has also
been found that Maillard reactions of simpler carbohydrates pro-
ceed efficiently in the absence of oxygen (Katsuno, Shimamura,
Kashiwagi, Izawa, & Ukeda, 2013; Litchfield, Thorpe, & Baynes,
1999).

In addition to oxygen partial pressure and pH value, it was also

found that many factors such as storage temperature, irradiation
dose, storage time, post-irradiation effect, etc. all have some influ-
ences on the value of Abs267Ir − Abs267Re.
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Fig. 3. Abs267Ir − Abs267Re of the freeze-dried chitosans irradiated under oxygen. The
samples were irradiated under oxygen with the 25 kGy at 25 ◦C. The concentration
of each sample solution was 2.2% (w/v). (�) Commercial chitosan A; (�) purified
chitosan B; (�) purified chitosan C.

Table 1
Evaluation of the chromatographic measurements of chitosan irradiated under oxy-
gen with the 25 kGy at 25 ◦C.

pH Freeze-dried chitosan A, B, Ca Chitosan A, B, Ca in aqueous solution

Mw (kDa) Mw/Mn  Mw (kDa) Mw/Mn

1.0 347, 377, 332 2.44, 2.53, 2.40 12.22, 18.19, 11.78 1.37, 1.44, 1.21
2.0 335, 358, 327 2.45, 2.51, 2.42 12.97, 17.97, 11.76 1.38, 1.43, 1.19
3.0 331, 355, 322 2.57, 2.52, 2.47 11.04, 13.93, 11.70 1.35, 1.41, 1.20
4.0 327, 341, 312 2.63, 2.69, 2.57 10.17, 12.38, 11.16 1.19, 1.37, 1.19
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5.0 321, 330, 304 2.66, 2.76, 2.64 11.66, 12.33, 10.85 1.30, 1.35, 1.17

a The samples were irradiated under oxygen (101.325 kPa) with the 25 kGy at
5 ◦C.

.3. Abs267Ir − Abs267Re of the freeze-dried chitosans

It absolutely necessary to examine a simpler system deprived
f water. It is known that it is very dangerous to irradiate
hitosan solutions, thus samples for sterilization or else are cur-
ently more safely irradiated as xerogels (freeze-dried materials).
bs267Ir − Abs267Re of the freeze-dried chitosans irradiated under
xygen is shown in Fig. 3.

Although the freeze-dried samples obtained from solutions at
nown pH were irradiated under oxygen, the samples underwent
rowning. Abs267Ir − Abs267Re increased with increasing pH value.
uzzarelli and Tubertini (1972) reported in their original work that

hitosan powder suspended in acidic aqueous media at various pH

alues could tolerate gamma irradiation without losing its identity.
t was found that the freeze-dried chitosan samples were also quite
ndifferent to radiation when they were irradiated in the form of
olids. As can be seen in Table 1 and Fig. 4, only a small fraction of

ig. 4. The intrinsic viscosity of irradiated chitosan. The samples were irradiated
nder oxygen with the 25 kGy at 25 ◦C. (�) Freeze-dried chitosan A; (�) freeze-
ried chitosan B; (�) freeze-dried chitosan C; (♦) chitosan A in aqueous solution;
�) chitosan B in aqueous solution; (�) chitosan C in aqueous solution.
rs 101 (2014) 857– 863

chitosan could undergo depolymerization. This might result in pro-
duction of a small amount of reducing end of irradiated chitosan.
Thus, there was  only a very small amount of melanoidins generated
in irradiated chitosan. It was found that the moisture absorp-
tion of the freeze-dried samples before and after irradiation under
oxygen increased progressively with increasing pH value. The pH-
dependent moisture absorption of the samples could promote the
browning reaction. Furthermore, enhancement of the browning
reaction was obviously observed when the freeze-dried samples
irradiated under oxygen were dissolved in aqueous solution for the
Abs267Ir measurements. Abs267Ir increased with increasing storage
time and temperature. Existence of post-irradiation effect could
also lead to an increase in Abs267Ir.

As mentioned above, the irradiation under oxygen could result
in the production of ozone according to Nagasawa et al. (2000). And
the ozone could result in decolorization of the irradiated chitosan
solution which had been brown. In order to clarify whether the
ozone could decolorize the irradiated chitosan in solid state, the
freeze-dried samples irradiated were left in ozone for 12 h. It was
found that Abs267Ir − Abs267Re did not appreciably decrease, thus
the generated ozone could not decolorize the freeze-dried samples
irradiated under oxygen.

3.4. Chromatographic measurements and intrinsic viscosity

The evaluation of the chromatographic measurements of irradi-
ated chitosan is shown in Table 1. The results suggest that chitosans
in aqueous solution were preferentially depolymerized and that the
freeze-dried chitosan samples as xerogels were not preferentially
depolymerized. It was also found that the irradiation of chitosan in
queous solution resulted in the lower Mw/Mn  compared with that
of freeze-dried chitosan samples. Mw and Mw/Mn were slightly
affected by the pH value. Existence of post-irradiation effect was
found for the Mw and Mw/Mn  of the irradiated chitosan samples.

The intrinsic viscosity of irradiated chitosan is shown in Fig. 4.
It was found that the irradiation of chitosan in queous solution
resulted in the lower intrinsic viscosity compared with that of
freeze-dried chitosan samples. The intrinsic viscosity of irradiated
chitosan was  slightly affected by the pH value. Existence of post-
irradiation effect was  also found for the intrinsic viscosity of the
irradiated chitosan samples.

For chitosan dissolved in the hydrochloric acid solution,
the inter- and intra-molecular hydrogen bond networks were
obstructed by protonation. Expansion of the chitosan chains could
lead to the high possibility of depolymerization by gamma irradia-
tion. Free radicals such as •H, •HO, •HO2 etc., were generated due to
the presence of both O2 and H2O in the irradiation reaction system
according to Pasanphan et al. (2010). As a result, the free radicals
could lead to significantly enhanced depolymerization of chitosan
dissolved in the aqueous solution.

In contrast, for the freeze-dried chitosan samples, the polymer
chains were not able to adequately expand due to the formation of
the inter- and intra-molecular hydrogen bond networks. The chi-
tosan samples were quite indifferent to radiation, provided that
they were irradiated in the form of solids according to Muzzarelli
and Tubertini (1972). Furthermore, the amount of free radicals
might be significantly decreased by the absence of water when the
freeze-dried samples were only irradiated under oxygen.

3.5. Effect of the irradiation in the presence of oxygen on degree
of deacetylation (DD) of irradiated chitosan
To investigate the effect of irradiation in the presence of oxygen
on DD of irradiated chitosan, the reference chitosan solutions (1%,
w/v, 400 ml,  and pH value from 1.0 to 5.0) were irradiated under
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ation in the presence of oxygen, the irradiated chitosan A solution
has no obvious characteristic absorption bands between 240 and
350 nm in UV–vis spectra shown in Fig. 6. It is further proved that
Fig. 5. 13C NMR  spectra. (a) Referen

xygen with doses of 25 kGy. The DD of irradiated chitosan was
etermined after the irradiation.

It was found that the DD of irradiated chitosan did not appar-
ntly change when the pH value ranged from 1.0 to 3.0, suggesting
hat the protonated amino groups of irradiated chitosan are stable
nough to the strong oxidization resulting from gamma  irradiation
n the presence of oxygen. When pH value increased from 3.0 to 5.0,
he DD of irradiated chitosan slightly decreased, compared with the
eference chitosan.

.6. Effect of the irradiation in the presence of oxygen on
hemical structure of irradiated chitosan

Reference chitosan A solution (1%, w/v, pH 1.0, and 400 ml)
nder oxygen pressure of 201.325 kPa was irradiated with doses of
5 kGy. The irradiated chitosan with Mw  of 10.4 kDa was obtained
fter the irradiation. To investigate its chemical structure, the
rradiated chitosan was  analyzed by FT-IR, 13C NMR, and UV–vis
pectroscopy, respectively.

For the FT-IR spectra of reference chitosan A as well as irradi-
ted chitosan A, the broad peak around 3450 cm−1 are attributed
o NH2 and O H stretching. The characteristic absorption peaks
ppear at about 1648 (amide I band), 1598 ( NH2 deformation
ode) and 1324 cm−1 (amide III band). And the absorption peaks

t 1160 (anti-symmetric stretching of the C O C bridge), 1078
nd 1028 cm−1 (skeletal vibrations involving the C O stretching)
re characteristics of saccharide structure of chitosan. The small
bsorption peak at 896 cm−1 can be used to identify the presence
f the C O C bridge as well as �-glucosidic linkages between the

ugar units in chitosan. The assignments of absorption peaks are
ased on data reported in the literature (Kasaai, 2008; Pearson,
archessault, & Liang, 1960; Zhou et al., 2008). For the spectrum of

rradiated chitosan A, the amide I band had shifted to a lower wave
itosan A; (b) irradiated chitosan A.

number, it suggested that carbonyl groups had more opportunity
to form stronger hydrogen bonds (Li, Cai, Zhong, & Du, 2012). It
can be found that the irradiated chitosan A has the almost same
absorption peaks as the reference chitosan A.

In the 13C NMR  spectra shown in Fig. 5, the irradiated chitosan
A has the almost same signals as the reference chitosan A at about
55.905, 60.147, 70.096, 74.829, 76.488 and 97.523 ppm, which are
attributed to C-2, C-6, C-3, C-5, C-4 and C-1, respectively.

It has been reported that depolymerization of polysaccha-
rides by gamma  irradiation led to characteristic absorption bands
between 240 and 350 nm in UV–vis spectra because of some other
chemical changes such as the formation of carbonyl, carboxyl, and
double bonds according to Ulański and Rosiak (1992), Nagasawa
et al. (2000) and Wasikiewicz et al. (2005). However, for the irradi-
Fig. 6. UV–vis spectra. (a) Reference chitosan A solution (1%, w/v); (b) irradiated
chitosan A solution (1%, w/v).
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rradiation of chitosan in aqeous solution in the presence of suffi-
ient oxygen is entirely different from that in the absence of oxygen.

The FT-IR, 13C NMR, and UV–vis spectra suggested that the irra-
iation in the presence of sufficient oxygen could not result in
odification of chemical structure of irradiated chitosan during

epolymerization of reference chitosan and that the depolymer-
zation reaction was mainly the cleavage of �-glycosidic linkages.

. Conclusion

Oxygen and pH value could play important roles in the inhibi-
ing browning of chitosan exposed to gamma  radiation. When the
H value of chitosan solution was kept below 3.0, the sufficient
xygen could inhibit browning of irradiated chitosan in aqueous
olution. The irradiated chitosan solutions were entirely colorless
nd pellucid as a result of the irradiation in the presence of oxy-
en. The DD of irradiated chitosan did not apparently change when
he pH value ranged from 1.0 to 3.0. FT-IR, 13C NMR, and UV–vis
pectra confirmed that the irradiation in the presence of oxygen
ould not result in modification of chemical structure of irradi-
ted chitosan. An effective technology can be developed for the
nhibition of browning of irradiated chitosan during depolymeriza-
ion of chitosan by gamma  irradiation. The inhibition of browning
f irradiated chitosan is promisingly useful for scale-up industrial
anufacture of low-molecular-weight chitosan or chitooligosac-

harides by gamma  irradiation.
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